We report results of molecular dynamics simulations to understand the role of solute and solute-solvent interaction on solute diffusivity in a solid solution within a body centered cubic solid when the solute size is significantly smaller than the size of the solvent atom. Results show that diffusivity is maximum for two specific sizes of the solute atom. This is the first time that twin maxima have been found. The solute with diffusivity maxima are larger in case of rigid host as compared to flexible host. This suggests that the effect of lattice vibrations is to decrease the size at which the maximum is seen. For one of the ǫ uv where two diffusivity maxima have been observed, we have analyzed various properties to understand the anomalous diffusion behavior. It is characterized by a lower activation energy, lower backscattering in the velocity autocorrelation function, lower mean square force, single exponential decay of the intermediate scattering function and monotonic dependence on k of the ∆ω/2Dk 2 where ∆ω is the fwhm of the self part of the dynamic structure factor. Among the two solute atoms at the anomalous maxima, the solute with higher diffusivity has lower activation energy.
Introduction
Diffusion of solute atoms in solids play a significant role in corrosion, steel hardening, solid batteries, among others. There have been innumerable studies of diffusion in close-packed solids. These attempt to understand and investigate diffusion in a variety of elements as a function of size, temperature, etc. Lee, Ijima and Hirano 5 investigated diffusion of gallium and indium in β-titanium. They studied the temperature dependence and found deviation from the Arrhenius behavior and attributed this to phonon-assisted diffusion jumps via monovacancies. Further, they found that the activation energy is proportional to square of the radius of the diffusing atom. They attributed this to the predominant influence of size on self diffusion. Most studies in the literature investigate diffusion of solute when the solute size relative to solvent are not very small. That is, the solute-solvent size ratio is between 0.8-1.5.
Hood 4 analyzed published tracer diffusion data in Pb and α-Zr at 0.6T m where T m is the melting temperature. They found a striking correlation between diffusivity D and radius of the metallic element, the diffusant. Published data were fitted to yield a relationship between activation enthalpy and radius of the tracer element. They found the activation enthalpy were lowest for Cu and Ni in Pb (around 8 kcal/mol) and these also had the highest diffusivities. Further, the radius of these were sufficiently small to avoid overlap of these atoms with the ion core of Pb. This is one study where the solute is small relative to the solvent size.
Here we report a detailed molecular dynamics study of dependence of self diffusivity of solute in a body-centred cubic (b.c.c.) matrix, the solvent. The solute-solvent size ratio 
Methods

Intermolecular potential
Solvent atoms are arranged in a body centered cubic (b.c.c.) arrangement and the solute atoms are placed at the center of tetrahedral voids chosen randomly. The stable structure of the solid is crucially determined by the interatomic potential. 9 Therefore, the interatomic potential given by Shyu 13 for caesium has been employed here. This potential was used by Yashonath and Rao for Monte Carlo studies in solids. 17 As alkali metal atoms have a stable body-centred cubic structure, the use of this potential ensures a stable b.c.c.
host solid. The potential shown in Figure 1 is fitted to a polynomial of the form given in Eq. 1.
Note that the solvent-solvent interaction energy changes from positive to negative 
The total interaction energy of the system is a sum of solvent-solvent, U vv , solventsolute, U uv and solute-solute, U vv interaction energy.
Computational Details
Simulations have been performed in the microcanonical ensemble at a reduced density, 
Results and Discussion
The solvent-solvent radial distribution function at 60K is shown in Figure 2 . The integrated value as a function of r, n vv (r) = r 0 ρg vv (r ′ )4πr ′2 dr ′ is also reported in the figure.
The shoulder to the first peak is typical of b.c.c. solids. From the radial distribution function as well as the number of neighbours within a radius r seen above, it is evident that the structure of the solid is body-centred cubic. expected for a b.c.c. solid. 9 We see that in the present study the peaks corresponding to Table 2 reports the solute-solvent interaction of various solute atoms and the strain energy. We note that the strain energy is generally small unless the solute diameter is large which is to be expected. Even for the largest sized solute of 1.8Å which is well beyond the size for which the diffusivity maximum was found in our simulations, the stain energy is about 10% of the total solutesolvent energy. Thus, in the regimes which are relevant to the present study and the regime where the diffusivity maximum is seen the contribution from the strain energy is not more than 16%. Most studies in the literature including those that were discussed in the introduction mainly concern large solutes where strain energy is important but for the present work, it plays only a secondary role, if at all. From this it is clear that although strain energy might be responsible for decrease in the diffusivity after the diffusivity maximum, diffusivity maximum does not have its origin in the strain energy. Before we analyse the results that might lead to an understanding of the diffusivity maximum, we discuss the influence of the solute-solvent interaction energy on the diffusivity maximum.
Two distinct diffusivity maxima
There are previous reports of the existence of diffusivity maximum as a function of diffusants confined to other condensed matter phases such as porous solids, liquids, amorphous solids, etc. 3, 8, 12, 18 However, this is the first time that such a maximum has been reported for body-centred cubic close-packed solid. These studies have invariably reported a single diffusivity maximum as a function of the size of the diffusant. But here we find two maxima which has not been reported previously. It is therefore of considerable interest to investigate when and how such twin maxima are seen.
It is well known that solute-solvent interaction plays an important role in giving rise to anomalous diffusivity maximum. For example, it has been demonstrated unambiguously that the the size dependent diffusivity maximum of solute disappears in the absence of attractive interaction between the solute and solvent medium. Coordinates were accumulated every 250fs to obtain various properties. These results are also shown in Figure 5 . We see that a single maximum is seen for low ǫ uv while for ǫ uv 
Related aspects of diffusivity maximum
In order to understand the motion that leads to anomalous diffusivity maximum for certain solute sizes, we have obtained several other properties. The properties of anomalous regime solute sizes are compared with the properties of solutes which are not part of the maximum. These solutes are those belonging to the region where self diffusivity decreases with increase in solute diameter. This regime is referred to as the linear regime. The VACF of 1.5Å decays faster in the initial time period and also exhibits a smoother decay as compared to 1.1Å solute.
The average mean square force acting on the solute atoms due to the solvent atoms is shown in Figure 7 . The anomalous regime solute atoms experience lower average mean square force as compared to linear regime solute atoms. When the size of solute is very small as compared to the bottleneck diameter, it feels a large net force due to the neighboring solvent atoms in the neck region. The linear regime solute is thus bound and has a lower diffusivity. The anomalous regime solute has a diameter comparable to the neck diameter. For this reason, during its passage through the neck of the solute from anomalous regime, the centre of mass of the solute coincides with the centre of the bottleneck.
By symmetry, the force exerted by the solvent atoms in a given direction is equal and opposite to the force exerted along diagonally opposite direction. This results in a mutual cancellation of forces leading to lower net force. The average mean square force on 1.1Å
solute is smaller than solute of size 1.5Å though diffusivity of 1.5Å is higher than 1.1Å.
This result is important since it suggests for the first time that there are factors other than mean square force that influence the diffusivity.
We will see what these may be. Table 3 . The activation energy of linear regime solute atoms is larger than anomalous regime solute atoms. Further, activation energy of 1.5Å solute is lower than 1.1Å which is consistent with the observed higher diffusivity of 1.5Å solute as compared to 1.1Å. Thus, it appears that the activation energy is responsible for the observed differences in self diffusivity as a function of the size. In particular, the difference in the self diffusivity of the solutes located at the two maxima can be explained in terms of the difference in the activation energy for these two solute sizes.
Physical picture of motion of the solute
More detailed behaviour of the motion of the solute can be gleaned from the wavenumber dependence of various properties. The self part of the intermediate scattering function, solute atoms are reported in Table 4 .
The relaxation time for anomalous regime solute atom is less than the linear regime solute atom. Further, the relaxation of 1.5Å solute is faster than 1.1Å. This is consistent with both the lower activation energy and the relative magnitudes of self diffusivities.
The Fourier transformation of self part of the intermediate scattering function gives the dynamic structure factor, S s (k,ω). In the hydrodynamic limit, full width at half maximum (fwhm) ∆ω(k) of dynamic structure factor is 2Dk 2 . The ratio ∆ω(k)/2Dk 2 provides an idea of the k dependence of self diffusivity. This ratio, ∆(k) is shown in Eq.
We have obtained the ∆(k) for different wavenumbers for the solute atoms in linear and anomalous regimes using the width of dynamic structure factor and is shown in Figure   10 . The width, ∆(k) shows oscillatory behavior for linear regime solute atoms and nearly 
Conclusions
The present study suggests that there is a maximum in self diffusivity for solutes diffusing within the interstitial space provided by a body-centred cubic solid. The maxima are seen when the solute/solvent size ratio is in the range 0.25-0.33. We report, for the first time, the existence of more than one maximum in self diffusivity as a function of the size of the solute. We show that two maxima are seen when the solute-solvent interaction strength is large. It is seen that two maxima are also seen in face-centred cubic arrangement as well as in liquids. For the latter, two maxima are seen when the solute-solvent interaction strength is higher relative to diffusion in solids. Further, we show that the relative heights of the two maxima are determined by the activation energies. We emphasize that the present study does not study the regime of large solutes where strain energy becomes important. In previous studies, it was thought that distribution of bottleneck diameter alone had a role in determining the diffusivity maximum. The present study suggests that in addition to f(r n ), solute-solvent interaction strength also influences the observed size dependence of self diffusivity on diameter of the solute.
